Background and aim It is useful, for theoretical and practical reasons, to be able to specify functions for continuous abstinence over time in smoking cessation attempts. This study aimed to find the best-fitting models of mean proportion abstinent with different smoking cessation pharmacotherapies up to 52 weeks from the quit date. Methods We searched the Cochrane Database of Systematic Reviews to identify randomized controlled trials (RCTs) of pharmacological treatments to aid smoking cessation. For comparability, we selected trials that provided 12 weeks of treatment. Continuous abstinence rates for each treatment at each follow-up point in trials were extracted along with methodological details of the trial. Data points for each pharmacotherapy at each follow-up point were aggregated where the total across contributing studies included at least 1000 participants per data point. Continuous abstinence curves were modelled using a range of different functions from the quit date to 52-week follow-up. Models were compared for fit using R 2 and Bayesian information criterion (BIC). Results Studies meeting our selection criteria covered three pharmacotherapies [varenicline, nicotine replacement therapy (NRT) and bupropion] and placebo. Power functions provided the best fit (R 2 > 0.99, BIC < 17.0) to continuous abstinence curves from the target quit date in all cases except for varenicline, where a logarithmic function described the curve best (R 2 = 0.99, BIC = 21.2). At 52 weeks, abstinence rates were 22.5% (23.0% modelled) for varenicline, 16.7% (16.0% modelled) for bupropion, 13.0% (12.4% modelled) for NRT and 8.3% (8.9% modelled) for placebo. For varenicline, bupropion, NRT and placebo, respectively, 55.9, 65.0, 62.3 and 56.5% of participants who were abstinent at the end of treatment were still abstinent at 52 weeks. Conclusions Mean continuous abstinence rates up to 52 weeks from initiation of smoking cessation attempts in clinical trials can be modelled using simple power functions for placebo, nicotine replacement therapy and bupropion and a logarithmic function for varenicline. This allows accurate prediction of abstinence rates from any time point to any other time point up to 52 weeks.
INTRODUCTION
Continuous abstinence rates after initiation of a smoking quit attempt follow a negatively decelerating curve over time [1] . This is a common pattern with attempts to stop engaging in addictive behaviours [2] . It is useful to be able to model the curve relating continuous abstinence to time from quit attempt initiation in order to understand the processes underlying smoking relapse and the impact of treatments on these processes, as well as for the more practical goal of predicting long-term abstinence rates from short-term outcomes. This paper synthesizes evidence from clinical trials of pharmacotherapies in smoking cessation to derive best-fitting, up-to-date models of mean continuous abstinence rates as a function of time since the quit attempt started.
Results of clinical trials and cohort studies suggest that with unaided quit attempts, only approximately a quarter of those trying to quit remain abstinent for a week, fewer than one in 10 remain abstinent for 6 months and fewer than one in 20 remain abstinent at 1 year [1] . Continuous abstinence curves for smokers receiving support for quitting can be derived for a number of individual studies with multiple follow-up points [3] [4] [5] , but functions describing the shape of the continuous abstinence curve over time have not been specified thus far.
Some studies have specifically addressed the question of whether relapse rates increase when treatment is terminated. A recent synthesis of evidence from trials of varenicline showed a higher relapse rate from the end of 12 weeks of treatment to 24-week follow-up than for placebo [6] , but the difference had disappeared by 52-week follow-up. Studies exploring the long-term impact of nicotine replacement therapy (NRT) have found diminishing efficacy in terms of absolute percentage differences from placebo with increased time since quit attempt initiation [7, 8] . None of these studies sought to model the shape of the relapse curve, however.
Modelling the shape of continuous abstinence curves in smoking cessation is important for several reasons: (1) if the continuous abstinence curves follow a well-defined and relatively simple mathematical formula, it would allow for prediction of abstinence rates from any time-point to any future time-point, which is important clinically and when assessing health impact [9] . (2) The shape of the curve may help in understanding what drives resumption of smoking at different time-points. It has been suggested that factors affecting early resumption of smoking may differ in kind from those driving later resumption [10] . This, in turn, has implications for interventions that may be effective at different time-points. (3) If the curves follow different shapes with different pharmacotherapies, it suggests that these may operate differentially on factors influencing resumption of smoking. For example, if the curve shows an inflection downwards post-treatment for a given pharmacotherapy, it suggests either that it is not adequately addressing chronic factors that lead to smoking resumption or that the treatment duration was too short.
When seeking to study continuous abstinence curves it is important to have high-quality data with high follow-up rates. Prospective cohort studies can provide valuable information, but often there are limitations with regard to loss to follow-up and inconsistencies in treatment duration that make it difficult to make meaningful comparisons. With greater control over treatment conditions, higher retention rates and data collection occurring at multiple time-points, randomized controlled trials (RCTs) provide an opportunity to examine continuous abstinence following pharmacological interventions for smoking cessation in greater detail. This study therefore aggregated data from high-quality RCTs to describe the shape and parameters of mean continuous abstinence curves associated with different smoking cessation pharmacotherapies. Specifically, we aimed to address the following research questions:
1 What functions best characterize the shape of mean continuous abstinence curves over the first year following quit attempts in smoking cessation RCTs? 2 Do these differ with different pharmacotherapies?
METHOD

Search strategy and study selection
Details of our study search and selection procedure are provided in Fig. 1 . We searched the Cochrane Database of Systematic Reviews in the Cochrane Library (from 1990 to March 2017) for reviews with 'smoking' in the title, abstract or keyword fields. The results were assessed by three authors (J.M., H.U., R.W.) in order to identify reviews focusing on pharmacological treatments for smoking cessation; seven were identified as being appropriate for this study [11] [12] [13] [14] [15] [16] [17] . The reference lists of these reviews provided a pool of potential studies for inclusion in the present study. Supporting information, Appendix S1 contains an Excel file providing details of all studies considered in case readers wish to undertake their own analyses.
We included RCTs that compared continuous abstinence rates between pharmacological interventions, between one intervention and a placebo or between different pharmacotherapy doses and a placebo. We limited our Figure 1 Flow diagram of search strategy and study selection search to articles published since 1990 because we considered trial reporting and conduct to have improved since then, with agreed reporting criteria for trials such as Consolidated Standards of Reporting Trials (CONSORT) being more widely used [18] . Trials that compared a pharmacological intervention with 'standard care' were excluded, as were studies that focused on a reduction in cigarette consumption, or setting of quit dates rather than abstinence. We also excluded trials of combinations of different pharmacotherapies. Trials that reported only point prevalence (as opposed to continuous) abstinence rates were excluded, because it was not possible to determine whether abstinence was the result of the initial quit attempt. Trials with a sample size < 10 participants were also excluded, because it was judged that these would have been pilot or feasibility trials. We did not exclude any studies by virtue of heaviness of smoking or other smoker characteristics, but the large majority of studies set a minimum of 10 or more cigarettes per day for inclusion.
Due to the stringent criteria of Cochrane Reviews, all included RCTs were considered to be of acceptable standard. Studies awaiting assessments and ongoing studies were included where results were available.
Data extraction
RCTs that met the criteria detailed above were extracted from the relevant Cochrane Reviews. From these trials we extracted information on sample size, pharmacotherapies used, length of pharmacotherapy intervention, start point of follow-up, duration of follow-up and the percentage of participants who were continuously abstinent over time in each condition from a given start point to each follow-up point. Other data extracted from the trials included year of publication, year of trial start and country of origin.
Analyses
There was significant heterogeneity across study samples, methods and presentation of results. In order to standardize results for comparison across different pharmacotherapies while maximizing data available for the estimation of continuous abstinence curves, we selected studies that had used a 12-week treatment programme; this was the modal and median duration of treatments in the 98 studies [4, 5, from which we extracted data. We used Microsoft Excel 2013 to plot the mean continuous abstinence rates weighted by sample size for follow-up points where there were aggregated data from a minimum of 1000 participants for all treatment groups. The resulting graphs describe the mean continuous abstinence rates associated with the different pharmacotherapies, displaying curves from the start of treatment to 52 weeks (the longest follow-up for which the required data were available). For each treatment group, we compared four function classes (linear, exponential, logarithmic, and power) and fitted the one with the highest R 2 . To handle zero values in the case of power functions, the starting time-point was 0.1 week, representing less than 1 day of abstinence. Model selection was confirmed by comparing the Bayesian information criterion (BIC) of each curve (calculated in Stata version 15), with lower BIC values indicating better model fit.
To check how far the relapse curves from the aggregated data matched within-study changes in continuous abstinence rates over time, we superimposed lines between consecutive pairs of time-points with each of the three largest studies, including where there were data available for additional time-points for each pharmacotherapy, onto our continuous abstinence curves to assess whether the curves were a reasonable fit.
RESULTS
Our search and selection procedure ( Fig. 1 [4, 22, 25, [28] [29] [30] 32, 48, 49, 72, 88, 90, 100, 105, 113] , with some studies using more than one of these pharmacotherapies in different treatment groups. A placebo was used as a control in 38 of these trials [4, 22, 25, [28] [29] [30] 32, [48] [49] [50] 56, 63, 64, 66, [69] [70] [71] [72] 74, 77, 78, [84] [85] [86] [87] 89, 91, 93, 95, 98, 100, 101, 103, 105, 109, 110, 113, 115] , and a further two trials provided only placebo data due to the active comparator failing to meet criteria for inclusion [45, 104] . Figure 2 shows the continuous abstinence curves from the quit date to 52-week follow-up for varenicline, bupropion, NRT and placebo. An interactive version of this graph is available in Supporting information, Appendix S2. The shape of the continuous abstinence curve was similar throughout the different pharmacotherapies (including placebo), with relapse rates highest in the initial 3-4 weeks and slowly tapering off after the end of treatment. Comparison of model selection statistics (Table 2) indicated that continuous abstinence data for bupropion, NRT and placebo could best be described by a power function (all R 2 > 0.99), while the best-fitting curve for varenicline was logarithmic (R 2 = 0.99). Equations for the best-fitting curve for each pharmacotherapy are shown in Fig. 2 . The power function for varenicline also fitted well (Supporting information, Fig. S1 : R 2 = 0.94), but it overestimated the 52-week abstinence rate. 63 .4% (65.0% modelled) of those treated with bupropion, 62.5% (61.3% modelled) of those treated with NRT and 51.5% (56.5% modelled) of those treated with placebo who were abstinent at the end of treatment were still abstinent at 52 weeks.
Superimposing lines drawn between continuous abstinence rates from consecutive follow-up points within the three largest studies for each pharmacotherapy showed a good fit to the modelled curves (Supporting information, Fig. S2 ).
DISCUSSION
There were sufficient data to enable reliable estimation of mean continuous abstinence rates for end of treatment (12-week post-quit date), 26-and 52-week time-points. All studies involved 12 weeks of pharmacotherapy. a Nicotine replacement therapy (NRT) patch was administered for 10 weeks. so results were not included in analyses.
The shape of the function relating these to time could best be modelled by power functions for placebo, NRT and bupropion and a logarithmic function for varenicline. Being able to describe continuous abstinence curves using a simple function, in theory, provides a basis for predicting relapse from one time-point to any other timepoint. This is useful when one only has short-term followup data available, or when interpolating back from longterm data. In UK stop-smoking services, for example, it is common to use 4-or 12-week abstinence rates in targets because limited resources make it impracticable to collect accurate longer-term data. Unfortunately, there were not sufficient data to estimate continuous abstinence rates prior to 12 weeks, so it is possible that more complex functions during the treatment period may have been missed. However, we were able to provide precise estimates of mean relapse rates following end of treatment for the different pharmacotherapies.
The finding that a single function starting at the quit date was able to capture abstinence rates at the end of treatment, as well as 26-and 52-week abstinence rates, suggests that a single relapse process is in operation during and after treatment. This appears to conflict with studies suggesting that different processes may be in operation. However, it remains possible that different processes are in operation, but their combined effects remain the same. This is a topic that merits further investigation.
We did not see evidence for a point of inflection in the curves at the end of treatment with the active pharmacotherapies, which also suggests that by 12 weeks from the quit date these pharmacotherapies have had whatever effect they are going to have. This accords with findings from trials with NRT which have not found clear evidence for a benefit of extending treatment beyond 12 weeks [5, 7] . It conflicts with findings from a large RCT with varenicline, which showed a benefit from extending treatment for a further 12 weeks [116] . However, this benefit appeared to occur with participants who had not managed to attain abstinence early on and had only been abstinent for a short while when the 12-week course of treatment ended [117] . This suggests an optimum treatment regimen for varenicline of 12 weeks if smokers are able to abstain during the first week, but 24 weeks if they only manage to abstain after a few weeks-the aim being to ensure that they receive approximately 12 weeks of pharmacotherapy from the point at which they initiate abstinence.
Of the four functions we fitted to the data, power functions provided the best fit for continuous abstinence from all treatments with the exception of varenicline, which was better described by a logarithmic curve. This difference was driven by the higher 12-week abstinence rate observed in participants treated with varenicline. Methodological differences between trials of varenicline and other pharmacotherapies may account for at least some of this variance. Varenicline trials typically measure continuous abstinence from week 9 rather than from the target quit date, so the figure may be somewhat inflated, given that varenicline recruits smokers into abstinence for several weeks after the target quit date [118] . The results suggest that there is no benefit in recruiting these additional smokers into abstinence, as they are more likely to relapse between the end of treatment and 52-week follow-up compared with those treated with other pharmacotherapies.
This study had several limitations. First, there was substantial heterogeneity in trial methods and study samples which may have introduced noise to the data points. Secondly, there were only sufficient data to plot abstinence rates for 12, 24 and 52 weeks after the start of treatment. It would have been useful to have data available on a greater number of time-points to incorporate into our continuous abstinence curves, particularly in the early weeks where relapse rates were very high. Thirdly, we were only able to include three pharmacotherapies and placebo in our analysis. There were insufficient data available on combination NRT and other popular and emerging pharmacological aids to smoking cessation, such as e-cigarettes, nortriptyline and cytisine, and it is possible that the continuous abstinence curves associated with these treatments may differ from those observed here. Fourthly, we prespecified a small number of functions, and it may be that another function would be more appropriate. Although the fit of the selected function was very high, there was only a small number of follow-up points. With more follow-up points, a better-fitting function might emerge. Fifthly, while a power function provided a very good fit in most cases, the y value is infinite at x = 0 rather than 100%, so the starting point for time has to be a number above 0. We chose 0.1 weeks (representing less than 1 day) as a value close to 0, and this provided a very close fit to the data. However, a more mathematically sound function with a similar shape may be preferable. Finally, we limited follow-up to 52 weeks because of the scarcity of data points after that point. Studies with longer-term follow-up have been conducted, and these suggest that approximately 30% of those who abstain for 52 weeks relapse at some point within the next 10 years [7] . This suggests that the power function, which has a very shallow slope after 52 weeks, may be an adequate fit to the longer-term continuous abstinence curve.
In conclusion, this study indicates that a power function, or a function very close to it in shape, provides a very close fit to mean continuous abstinence from smoking in studies of smokers trying to quit using placebo, nicotine replacement therapy or bupropion. For varenicline, a logarithmic function appears to provide a better fit. 
